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Abatract 

An eaphaais on increased aircraft and propulsion 
control systea integration and piloted flight 
siaulator evaluation haa created a need for high 
fidelity real tlae dynamic propulsion models. In 
recognition of this need, a real tiate propulsion 
system modeling technique aultable for use in 
aan-in-the-loop simulator studies has been 
developed by NASA-Lewls and demonstrated using 
flight simulator facilities at NASA-AmeS. This 
technique provides the system accuracy, stability 
and transient response required for Integrated 
aircraft and propulsion control system studies* 

A Pegasus-Harrier propulsion system was selected as 
a baseline for developing mathematical modeling and 
simulation techniques for VSTOL. Initially, static 
and dynamic propulsion system characteristics were 
modeled in detail to form a non-linear 
aerothermodynamlc digital computer simulation of a 
Pegasus engine. From this high fidelity 
simulation, a real time propulsion model was 
formulated by applying a piece-wise linear state 
variable methodology. A hydromechanlcal and water 
injection control system was also simulated. 

The real time dynamic model includes the detail and 
flexibility required for the evaluation of critical 
control parameters and propulsion component limits 
over a limited flight envelope. The model contains 
approximately 7. OK bytes of in-line computational 
code and 14.7k of block data. It has an 6.9 ms 
cycle time on a Xerox Sigma 9 computer. 

The model has been programmed for interfacing with 
a Harrier aircraft simulation at NASA-Ames. 
Typical propulsion system simulation results are 
presented . 


Introduction 

During low speed operations, VSTOL aircraft depend 
not only on the propulsion system for lift, but 
also for the forces and moments needed for flight 
path and attitude control, Thus highly coordinated 
integrated flight and propulsion control systems 
are critical and necessary to the success of these 
advanced aircraft. 

Simulation, with Its inherent flexibility, will 
play a key role in the development of these 
integrated aircraft-propulsion control systems. 
These simulations will provide a comprehensive 
source of qualitative and quantitative information 
concerning the charecteristlcs of aircraft and 
propulsion systems in a dynamic state. They will 
also serve as essential tooJ.s for the analysis and 
synthesis of control logic and as test vehicles for 
control software and hardware development, 

Pratt and Whitney Aircraft, under contract with the 
NASA-Lewis Research Center, has made a conceptual 
evaluation of propulsion control systems for VSTOL 
aircraft in order to define critical control 
requirements and to identify critical technologies 
pertaining to the integration of aircraft and 
propulsion controls. One of the major technology 
areas of this program includes the development of 
mathematical modeling and simulation techniques 
applicable to the design of VSTOL integrated 
aircraft-propulsion controls. The long range 
objective of the program is to conduct a real time 
piloted simulation evaluation of an integrated 
aircraft-propulsion control on the NASA-Ames flight 
simulator facilities. 

Since the advent of piloted simulators and the 
growing emphasis for systems integration, there has 
been an increasing need for higher fidelity 
real-time propulsion system models . Propulsion and 
integrated control system e^'aluation of VSTOL 
aircraft on flight simulators will require that 


propulaion ayateot alHuIatlona be raallatlc and 
Includa alinif leant dynanlca aa wall aa inportant 
intarnal paranatara. In tecognitlon of thla ncad, 
a dynaaic digital raal-tlae nodal of an advancad 
propulaion ayatam haa been devalopad which la 
aultabla for uaa In nan-in-tha-lopp ainulatot 
atudlaa* Thla taodel pri^videa the engine-control 
ayatan accuracy, atability and tranalant raaponae 
required for the intended atudlea. Theae atudlea 
might Include the evaluation of critical control 
parametera, syatem responae, ayatem environmental 
effecta and critical propulaion component 
aerodynamic, mechanical and thermodynamic llmitar 
The model may also be used to analyze propulaion 
control failure modea and effecta, 

In the VSTOl Propulsion Con!;rol Analysis Program 
reported in (1), an engine model was used to 
explore the merits of using a combined simulation 
of aircraft-propulsion systems for annlysis of 
propulsion control requirements. Slmuistions of 
this nature inteejretcd into the design scheme 
provide an important cost effective j^ool in 
specifying, generating and conveying control 
requirements for the next generation VSTOL designs. 

A Pegasus II propulsion system was chosen as the 
baseline VSTOL engine for developing mathematical 
modeling and simulation techniques. The real time 
engine model is a piecewise linear state variable 
representation derived from a detailed 
aerothermodynamlc simulation of a typical Pegasus 
11 engine. Dynamics Included in the simulation are 
engine fan and compressor rotor dynamics, engine 
burner heat transfer dynamics, engine control 
dynamics, and sensor and actuator dynamics. This 
model provides steady state and transient 
tharacteristlcs for various engine pressures, 
temperatures, flows, stall margins and thrust* The 
model calculates transient performance by numerical 
integration of time-dependent differential state 
equations and contains the dynamics necessary to 
simulate aircraft forces resulting from engine 
thrust. The real time model also represents tne 
engine fuel control system the water injection 
system and flight simulator interfaces. 

The following sections present descriptions of the 
propulsion nystem, control system, real time 
methodology and model capabilities. Typical 
results from the propulsion system simulation arc 
also presented. 


P ropulsion System Description 
Engine Configuration 

The engine modeled in this program la a nonmlxcd, 
twin-spool Pegasus 11 as shown in figure 1. The 
engine weighs approximately 3540 Ibm with an inlet 
diameter of 46 in and a total uninstalled dry 
thrust of 19500 Ibf. Total design airflow is 435 
Ibm/scc divided between the fan duct and engine 
cote stream with a bypass ratio of 1.35. 


The high and low prcaaure cOitpr^’'aor spools ate 
independent, cciaxlal end counter-rotating. 
Counter-rotation Kinimlzes gyroscopic effects which 
is sn iaportenC consideration In hovering 
operations. The threa stage fan is drivsn by s two 
stage turbine at a design sneed of 6500 rpa at a 
prssaure ratio of 2,3i< The high preeeure 
compressor uses variable inlet guide vanes end ie 
an eight stage compressor driven by e two stage 
turbine at e design speed of 10500 rpm at e 
pressure ratio of 5.6. 

At e maximum design thrust of 19500 Ibf, thrust is 
divided evenly between the fen and core nozzles , 
Pairs of nozzles rotate end deflect the nozzle flow 
from both the fan and turbine exits through a range 
of 0 to 98.5 degrees. The four nozzles ere 
mechanically linked to each other to ensure that 
the vertlcal-to-horlzontal angular position is 
identical for each thrust vector. 

In order to provide aircraft attitude control, up 
to 22 percent of the high pressure compressor exit 
airflow is available for ducting to a remote 
reaction control puffer jet systoni. 


Hydromechanical Control Configuration 

The engine fuel control modeled is the Dowty 
hydromcchanlcal control used on the Pegasus II 
engine. The fuel control is designed to meet 
engine performance throughout the flight envelope. 
At the same time, the fuel control unit ensures 
that the engine limitations arc not exceeded. 

The engine fuel control system is shown 
schematically in figure 2. Fuel flow to the engine 
is regulated by two metering devices; a metering 
valve and a throttle shutoff valve, The metering 
valve is effectively a variable orifice under the 
control of a low pressure compressor speed 
governor. The metering valve normally controls the 
fuel flow to the engine in the high fan speed range 
above 87 percent. The pressure drop across the 
orifice Is controlled by a pressure drop regulator. 
The throttle shutoff valve meters fuel flow 
directly to the burner and is also used for 
shutting the fuel off completely. The pressure 
drop across it is maintained constant by a flow 
control pressure difference regulator. The 
throttle valve normally controls the fuel flow to 
the engine in the low fan speed range below 87 
percent . 

A number of engine limiting functions ate also 
included. Theae include an acceleration control 
unit, a jet pipe temperature limiting control, sn 
engine pressure ratio limiter, a combustion chamber 
pressure limiter and an alrbleed reset unit for 
fuel compensation due to reaction control bleed. A 
manual fuel flow control, is also provided in the 
event of fuel control unit failure. 
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Waf r Initctlon Syf 

In a high load configuration) If an attaapt waa 
vada to Incraaca apaad aiid thruat to Mat vartlcal 
takaoff raqulraMntai tha turbina Inlat tanparatura 
could ba axcaadad. To avoid thla, a watar 
Injactlon ayataa waa provldad to allow angina apaad 
to Inccaaaa for a glvan turbina Inlat taaparatura. 
Watar la Introducad at tha turbina Inlat. 
Provlalon la Mda to carry 62.5 gallona of watar 
which la aufflclant for 90 aaconda of oparatlon. 

The water Injactlon ayataa la ahown acheMtlcally 
In figure 3. It Is controlled by a aalactor awltch 
In tha cockpit) fli^itt level awltchaa In tha tank) a 
throttle control alcroawltch and a water praaaura 
awltch. Setting the aalactor awltch "on" araa tha 
ayataB) ralaea the fan apaad Mchanlcal governor 
aettlng 4 peccant whan the throttle la In axcaaa of 
87 percent fan speed and anerglzas a fuel bypass 
solenoid. The bypass solenoid provides 
supplaaentacy fuel flow to increase fan speed. If 
there la sufficient water in Che tank) aoving the 
throttle beyond a position which gives 92 percent 
fan speed operates a alccoswitch In tha throttle 
control linkage which opens a solenoid valve to 
admit engine bleed air to the pump turblnv*.. When 
water pressure reaches 240 psl the pressure switch 
operates to Increase the Jet pipe tenperature 
llaltec and engine life recorder datum settings and 
indicates a green light in Che cockpit. 

When 15 seconds of water is left) a float operated 
switch r I OSes to indicate a low level Warning In 
the cockpit. An empty level switch operates a 
relay to Isolate the pump control circuit after the 
tank has been emptied. The system will continue to 
operate until all water is used) the throttle Is 
retracted) or the selector switch Is turned off. 
There is also a jettison feature in the system. 

Reaction Control System 

The aircraft Is equipped with both aerodynamic 
controls and a reaction control system as shown In 
figure 4. Aerodynamic controls on the aircraft are 
standard control surfaces. But) these supply 
negligible control during vertical, hover and 
transition modes because of the low velocities in 
these modes. A reaction control system consisting 
of six fully modulating puffer jets located at the 
wlngtlps and at fore and aft fuselage locations is 
required to provide thrust control for roll, pitch 
and yaw motions during theSe modes. These puffer 
jets are mechanically linked to their respective 
aerodynamic control surfaces to accomodate control 
transfer during transition from vertical to 
horizontal flight. A master shutoff valve Is 
linked to the nozzles so that bleed air from the 
engine Is turned off when the nozzles are in Che 
horizontal flight position. 


Simulation Technique 

Aerothermodynamlc Detailed Simulation 

A detailed nonlinear aerothermodynamlc simulation 
of the baseline propulsion system forms the base 
for Che real time propulsion model development. 
This nonlinear simulation is a high fidelity model 
Chat represents each component in the engine and 
control. Heat transfer dynsmics, rotor dynamics 
and aerothermodynamlcs are modeled. This detailed 
digital simulation includes complete component 
performance maps and gas flow balance equations. 
The components aie Mtchsd for aerodynamic 
stability from detailed stability audits that 
consider surge line and operating line 
destabilizing influences for steady state and 
transient operations. 

A nonlinear propulsion system simulation such as 
this produces a model cf higli frequency fidelity 
which) however, does not run In real time. 
Extension to an all digital format for 'piloted 
simulators would require high sampling rates (small 
time steps) to maintain calculatlonal stability. 
Real ime would be virtually Impossible. The 
general approach taken In Che real time digital 
simulator model presented here was to represent 
dynamic response over a reduced frequency range hut 
to maintain as much control system detail as 
possible. For the level of steady state and 
dynamic complexity required to meet this objective, 
steady state accuracy does not have to be 
compromised over detailed models. 

The real time model must cover a wide range of 
frequencies as shown In figure 5. Expansion on the 
bandwidth Is possible, but would Involve trade-offs 
between real time capability and control or 
Interface detail. 

Real Time Methodology 

The real time model Is based on a piecewise linear 
state variable technique reported In (2) . 

The state variable form Is shown in figure 6, where 
X Is the vector of state variables, X Is the time 
derivative of the state variables, U Is Che control 
Input vector and Y is Che vector of observed or 
output parameters. A Is the plant matrix and Its 
elements are the partial derivatives of each state 
variable to the time derivative of each state 
variable. Elements of Che output matrix C define 
the effect of each state variable on each output 
variable. The control matrix B and the direct 
couple matrix D define the effect of each control 
variable on each state variable time derivative and 
each output parameter. 

A modal analysis was used to determine which states 
In Che nonlinear aerochermo model are required to 
adequately represent the system within the desired 
bandwidth. The nonlinear aerothermo model was 
linearized to obtain the system A, B, C, and D 
matrices. An eigenvector-eigenvalue analysis of 
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Cb* A MCrlx vaa parfonad. Tha alganvactora vara 
axaalnad to aaaociata alganvaluaa with atataa« 
High fraquancy atataa outalda tha control bandwidth 
wara allnlnatad. A woda controllability natrlx waa 
alao daflnad. Stataa which wara uncontrollabla by 
tha Inputa wara allxlnatad. Tha final aodal 
conaldarad only atataa which ware within a 0.1 to 
10 Hi bandwidth 

Hodallng larga tranalant axcuralona afflclantly and 
accurataly In tha atata variable fom dapenda on 
tha nuabar of aodala aelacted. With real tlaa 
coaputatlon aa a raqulraacnt. an optlaua nuabar of 
atata aodala la required. Initially, a placawiae 
llnaar fftt of the steady atata operating line was 
parforaed to define the alnlaua resolution. These 
aodala ware then augaented by additional aodels to 
accurately define transient response through the 
full power range. 

Tha aatrlx partial derivatives are generated using 
an offset derivative technique. This technique Is 
autoaated on the baseline nonlinear aerotherao 
alaulation. In ti>ls process, each X is perturbed 
one at a tlae whlLv holding all other X's and all 
U'a constant. This allows calculations of the A 
and C aatrlx partial derivatives. Each U Is then 
perturbed one at a tine while holding all other U's 
and all X’s constant. This allows calculation of B 
and D aatrlx partial derlvatlvv^s. Several 
different levels of perturbations on the states and 
Inputs are used. 

To provide real tlae capability, the state variable 
aodels aust be connected efficiently. The type of 
Interpolation Is flexible and could vary In each 
application. The Interpolation Is controlled by 
scheduling the matrix elements with an independent 
variable from the Input vector U. Applying this 
aethodology results In reducing several linear 
aodels to one nonlinear model as shown in figure 7. 

Engine Model 

Using the piecewise linear state variable 
iwthodology previously discussed, a real time 
propulsion model of the Pegasus 11 engine was 
formulated. The engine model consists of 14 state 
variable models with 6 inputs. 3 states and 21 
outputs. Steady state and dynamic operations from 
ground idle to maximum power (7 to 109 percent) up 
to 5000 feet altitude and 0.3 Mach number are 
represented. The state variable vectors used are 
shotm in figure 8. 

Control Model 

The control model was developed directly from 
detailed Information on the hydromechanlcal fuel 
control and water injection system. All tuuctlons 
In the real control were modeled. 


PROGRAM DESCRIPTION 

The flight simulator state variable engi.je model Is 


a high fidelity propulsion model which provides 
steady atata and transient characteristics for 
desired engine pressures, temperatures, airflows, 
surge margins, thrusts and rotor speeds. The 
computer program simulating the engine calculates 
both steady state and dynamic engine 
characteristics that are representative of a 
Pegasus 11-402 engine. 

The state variable technique as shown In figure 7 
Involves generating a set of matrices or point 
models for various levels within the engine 
operating range from minimum (7 percent) to maximum 
(109 percent) power. These point models are then 
linked together by scheduling the matrix elements 
in each model as a function of both low and high 
compressor rotor speeds to form a piece-wise linear 
representation. For large power excursions from 7 
to 109 percent. the coefficients of the 
differential equations vary continuously as both 
rotor speeds Increase. After cemputing the small 
changes or deltas in states and controls as they 
deviate from the known steady state operating 
characteristics, the differential equations are 
integrated using a simple Euler integration to 
compute the transient engine response. 

Figure 9 shows an overview block diagram of the 
Important state scheduled parameter state variable 
model logic. The initial Steady state point is 
calculated from the output and state operating 
lines. The initial time point of any transient run 
la assumed to be in a steady state condition. 

Transient operation occurs as follows. The last 
time step values for the rotor speed states are 
used to calculate the state scheduling parameter 
(SSP) . This parameter contains Information about 
the dynamic states at any time during the 
transient. OX's and DU’s from the model points 
above and below the SSP are computed. A relative 
distance weighting scheme is used to combine a 
delta from the model point above with the delta 
from Che model point below. The SSP is also used 
to schedule the A. B. C, D partial derivatives. 
These matrix elements are stored in a linear 
equation form which allows for rapid interpolation 
between the discrete model points . State 
derivative computations ace performed by the matrix 
multiplication of the A and B elements with the 
DX's and DU's computed earlier. The derivative 
vector is then integrated by Euler integration. 

The steady state model output is calculated from 
the operating line curves. The operating line 
output levels change as the SSP varies. Transient 
deviations from the operating line mtist be 
calculated. This is done through the output 
equation which makes use of the same BX and DU 
vectors input to the state derivative equation. 
The DY vector represents deviation from the 
operating line. Summing the steady state operating 
line values and DY elements gives the output 
vector. 

Transients are shown in figures 10 and ll that 


•ihlbie th« accuracy with which tha acata variable 
■odal aaCchaa tha aarothano Pagaaua 11 
rapraaantacion for a 7 to 100 parcant powar 
axcuraion at aaa laval with watar injactlon and at 
an altitude of 5000 faaCt 


Application To Piloted Siaulator 

To aatiafy tha raquiraaenta of real tiaa piloted 
aiaulation» innovative aathcaatical BOdallng ia 
required (3>4). One auat attain tha daairad level 
of fidelity yet have the coaputationa accoapliahad 
in a liaited aaount of tlaa. Alao, aince the 
propulaion ayataa ia only a part of a larger 
aiwilationt only a fraction of tha total 
coaputation tiaa ia available for the propulsion 
ayataa calculations. Real tine, thani in the 
context of overall alaulation requlreaants , ittplles 
that the propulaion alaulation auat be faatar than 
real tiaa. 

Tha progrea structure consists of the piece-wise 
linear angina reprasentatlont the engine control 
Bodel and a set of propulsion system force and 
balance equations. The control system model 
provides the interface with the aircraft-flight 
control siaulatlon. Figure 12 schematically 
identifies the interfaces with the propulsion 
system. The aircraft and engine elements are 
combined by means of interfacing logic that 
provides fan and core nozzle thrust calculations • 
reaction control system thrust calculations, 
external environmental disturbance effects and 
pilot stick movements in terms of roll, pitch, yaw 
and height requests. 

Aircraft System 

The aircraft model used was a typical Harrier 
AV-6A. The model Includes nonlinear aerodynamics, 
engine and reaction control response, , stability 
augmentation, actuator dynamics and a simplified 
landing gear model. The model consists of a group 
of basic subroutines applicable to any aircraft and 
a set of specific aircraft model subroutines which 
have been configured to represent the AV-6A 
Harrier. 

The basic subroutines handle trim Initialization, 
coordinate transformations, the integration of 
differential equations and the interpolation of 
tabulated nonlinear fuiintions. These were adapted 
from simulation programs used at the NASA Ames 
Research Center to perform real time simulations. 

Control Inputs, forces and moments and disturbance 
inputs are determined by user supplied routines 
which must be varied to represent specific aircraft 
types and environmental conditions. The aircraft 
model Includes an aerodynamics subroutine which 
determines three force and three moment 
coefficients by interpolating tabulated values of 
aerodynamic functions. A separate subroutine is 
uaed to represent the Pegasus 11 engine operating 
at low altitude and Mach number. Engine speed. 


nozzle angle and reaction control thrust dynuice 
are Included. This engine model is referred to as 
the simple engine model. In the simulation etudy 
presented here, this simple engine model is 
replaced by the state variable model. A simplified 
model of the landing gear including vertical force, 
braking force and pitching moment is also used. 

The ship model used was that of a Spruance class 
destroyer. Environmental conditions could be 
varied from calm to sea state $. A ship air-wake 
turbulence model was included./ Ship dynamics are 
modeled as six degree of frec//om sinusoidal motion. 
The ship was assumed to hsv'/< a fixed mean position 
about which it oscillates. Hind over the deck is 
composed of a steady induced wind equal to the ship 
speed plus a separate north and east component of 
Independently specified natural wind. No 
turbulence model designed specifically for VSTOL 
aircraft exists. A model developed for 
conventional carriers is used. This aodel 
calculates free air turbulence as well as ship wake 
turbulence which may be varied in amplitude. The 
wake intensity is calculated as a function of 
range, altitude and lateral position relative to 
the flight deck. 

Flight Control 

A state rate feedback Implicit model-following type 
controller (6) is used in the basic flight control. 
Thiu flight control concept was applied to all axes 
of the aircraft model. Power management controls 
and pilot displays were designed to match the 
various modes of control provided by this type of 
flight controller. 

Within the overall flight controller ' are two 
variants . The Type 1 control system employs 
control augmentation in all degrees of freedom. 
Included here, in the transition flight mode, is a 
vertical axis pilot control based on vertical 
velocity command. In this type the propulsion 
system is within the closed flight control loop. 

The Type 2 system employs control augmentation in 
the attitude degrees of freedom only. Translation, 
or flight path control, is through thrust and 
thrust vector angle inputs from the pilot to the 
propulsion system. Velocity command is not 
provided in this system. 

Each control variant used a head-up display (HUD) 
that included flight director information. A 
complete description of the flight control concept 
is given in (6). 

Simulator 

A small fixed base simulator (C06) was the 
principal tool used in evaluating Che state 
Variable propulsion system simulation. The 
simulator was driven by a Xerox Sigma 9 digital 
computer in conjuncv’.ion with a PDP-11 for HUD 
generation. 
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T«»t Pl >n 

Th« jprlury objactivc in the ■Iwilatlon cCCqcI: waa 
CO avaluata tha pcopulaion ayataa aodal parfonunca 
for uaa in future pllotad alwilatlona Involving tha 
Karriar aircraft and advancad intagratad 
flighc-propulaion control concapta. To achieve 
Chia objactive within the limited time available 
for the aimulaCion exerciaet a aCringent teat 
condition waa choaan with a minimum of teat 
paramaCara. The baaic piloting Caak was to fly an 
IFK curved approach transition at 120 knots to an 
initial station kaeping point 12000 feat down range 
and land on Che destroyer at a fixed sea state 6 
with wind over deck from the east at 25 knots. The 
only variables in the teat were turbulence and 
control variant type. 

In addition to this atandard flight t<>ak, 4 teat 
for maximum control power at hover w.|a run to 
determine reaction control ayatem forces and 
momenta for comparison with publiahed aircraft 
data. A small perturbation teat waa also made to 
compare the new state variable model thrust 
reaponse to the simple engine model. 

Simulation Results 

Hodcl Performance . The state variable propulsion 
aystam model performed within the aircraft model 
environment over the full operating range without 
run-time Fortran errors or missed Intervals during 
the teat program. The audel exhibited a high level 
of calculatlonal stability. For a simulation frame 
time of 50 ms the propulalon system model executed 
in 8.9 ms for a real-to-execution time ratio of 
5.6. This compares with a 3.8 ms execution time 
for the simple engine. 

Enalne Performance , A comparison of the state 
variable engine model forward and rear nozzle 
thrusts to that of the simple engine is shown in 
figure 13 for a power lever step increase from 60 
to 70 degrees. For the simple engine both the 
forward and rear nozzle thrusts exhibit a lag 
response with a time constant of about 0.25 
seconds. Fpr the state variable model, on the 
other hand, the thrust exhibits a first order lag 
responae with time constant of 0.5 seconds in Che 
front nozzle and a moderately damped second order 
response with a time constant of about 0.25 
seconds in Che rear nozzle. These characteristics 
arc important in designing integrated flight 
controls Chat Include the engine in a closed loop. 

Control Performance . Figure 14 shows a aeries of 
engine parameters as a function of time for typical 
landing task flights using the Type 2 flight 
controller. Within this flight controller, 
propulsion system vectored thrust is controlled 
directly by the pilot through the power lever and 
nozzle angle. Altitude information is communicated 
to the pilot through a flight director via the HUD. 
Attitude is maintained through the flight 
controller. 


Overall engine model operation is stable. Core and 
fan thrusts follow power lever inputs closely with 
second order effects of bleed superimposed by fuel 
control co^>ansation. 

In the transition phase the most significant 
effects arc the smooth noZzlc angle action and 
bleed flow. Bleed flow in this phase is demanded 
from reaction control system which in turn is 
coimanded from the flight controller. At hover, 
bleed activity increases significantly due to 
reaction control demand by the pilot. At this 
point the nozzle angle is fixed at a slight forward 
position to account for wind and ship velocity. 

At touchdown the power lever is brought to idle and 
the aircraft "drops” to the ship deck. Bleed flow 
continueu to vary due to the action of the reaction 
control system coaeuinded by the flight controller 
which is responding to the ship's roll, pitch and 
yaw notions. Normally the flight control would be 
disengaged at touchdown. 

Figure 15 shows a series of engine parameter 
transients for the standard flight task using, 
however, the Type 1 flight controller. With this 
controller, as described previously, the engine is 
within an altitude flight controller loop. The 
power lever angle is demanded as a function of 
altitude to provide a prescribed flight path 
commanded from the flight director. The control 
gains and implicit engine model time constant ate 
the same as those used with the simple engine 
model. 

As shown, the engine breaks into a limit cycle 
oscillation, thepanded time scale traces of the 
oscillation indicate that the engine fuel control 
is responding to power lever angle demand from the 
flight controller. This kind of interactive 
response is typical of integrated flight-propulsion 
controls where the engine control response is 
within the flight control bandwidth and the flight 
controller is analyzed Without the advantage of 
realistic engine response characteristics. 

Figure 16 shows the same typical flight task except 
that the Implicit model in the altitude flight 
controller has been modelled to approximate the 
state variable engine model response. The implicit 
model time constant was chosen to approximate the 
engine fan thrust response and the flight 
controller gain was reduced by a factor of 4. As 
shown, the transient indicates no evidence of 
oscillation. However, it was evident from the 
flight data that the altitude controller, although 
acceptable, was not as responsive. Other similar 
flights indicated that designing the Implicit 
controller to represent the state variable engine 
model reaponse also gave satisfactory results. 


Concluding Remarks 

A state scheduled state variable propulsion system 
nijdel Of a Pegasus 11 engine has been developed for 
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rMl tlM flight ulaulatof applicatlon> The Bodcl 
WM txarclacd in a Halted flight prograa using a 
Harrlar aircraft siaulatlon with an iapllclt 
Bodal-followlng flight controller > 

The propulsion systaa aodal patforaed vary wall 
within the flight anvlronaant exhibiting axcallant 
calculations! atabllty and satisfactory cycle tlae 
characteristics. No run-tlae errors or alssad 
Intervals occurred. The angina and control 
transient characteristics were typical of a 
turbofan engine. 

The propulsion systaa exhibited an oscillatory 
characteristic within the closed loop Iapllclt 
■odcl-followln^^ flight controller. Further 
analysis of this flight control within the context 
of the state variable aodel is required to provide 
satisfactory flight perforasnee. 
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Figure 2. • Fuel flow control system. 
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Figure 5. * Modeling frequency range of interest. 


MATRIX OUTPUT EQUATION 
AY • C • AX + D ’ AU 



Figure 6. • Real time model state variable representation. 
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Figure 9, - State scheduled state variable engine model. 
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Figure 10, ^ Full range fuel transient with water Injection it 92 percent fan spaed, sea fevei static. 
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Figure 12. - Propulsion system model for aircraft integration. 



TIME, sec 


Figure 13. - Model response to throttis step 
input 
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Figure 14. - Approach and landing engine transients using type 2 
flight controller. 




POWER IfVER NOZZLEANGIE. FUEL FLOW. TOTAL BLEED FAN SPEED. CORE SPEED. FORWARD NOZZLES REAR NOZZLES NOZZLE ANGLE. 
ANGIE, deq deq N)/hr FLOW. Msec rpm rptn CROSS THRUST. GROSS THRUST. 









t START TRANSITION tHOVER 


TIME, sec 

Figure 16. - Approach and hover engine transients using type 1 
flight controller with state variable control constants. 


